In the next generation nanoelectronics and SiC based electronic packaging, current density and temperature gradient will be larger in orders of magnitude. Electromigration and thermomigration are considered to be major road blocks leading to realisation of nanoelectronics and SiC based high temperature power electronics. In this paper, damage mechanics of 95.5Sn4Ag0.5Cu (SAC405) lead-free solder joints under high temperature gradients have been studied. This paper presents observations on samples which were subjected to 1000°C/cm thermal gradient for two hours, 286 hours, 712 hours and 1156 hours. It was observed that samples subjected to thermal gradient did not develop a Cu 3 Sn intermetallic compound (IMC) layer at the hot side due to Cu migration to the cold side thus causing insufficient Cu mass concentration to form Cu 3 Sn. On the other hand, in samples subjected to isothermal annealing exhibited IMC growth. In samples subjected to thermomigration, near the cold side the Cu concentration is significantly higher, compared to hot side. Extensive surface hardness testing showed increase in hardness from the hot to cold sides, which indicates vacancy migration and Sn grain coarsening are in the opposing direction.
Introduction
The insatiable demand for miniaturisation of electronics and high temperature power electronics is increasing electrical current density and thermal gradient in electronic packaging solder joints by orders of magnitude. It is well known that the high current density and high temperature gradient induce mass migration that degrades the solder joints (Ye, 2004; Ye et al., 2003a; 2003e) . The two primary mass migration processes that manifest in solder joints subjected to high current density are electromigration and thermomigration (Ye, 2004; Ye et al., 2003a; 2003b; 2003c; 2003e; Basaran et al., 2003; Huang et al., 2006; ) .
When a metal conductor is subject to a high current density, because of scattering effect, the so-called valance electron-wind transfers part of the momentum to the atoms (or ions) of metal (or alloy) to make the atoms (or ions) move in the direction of the valance electrons. Electromigration causes mass accumulation and hillocks formation in the anode side, and vacancy condensation and void formation in the cathode side (Ye et al., 2003a; 2003e) . Both hillocks and voids will cause the degradation of the solder joint and eventual failure.
Thermomigration is a mass migration process that takes place due to high thermal gradients. Thermomigration takes place independent of electromigration however. Thermal gradient can be a result of Joule heating in the solder joint. Thermomigration is very similar to the Soret effect in fluids. Soret (1879) discovered that concentration of a salt solution in a tube with both ends at different temperatures does not remain uniform. The salt was less concentrated on the hot end compared to the cold end. He concluded that a flux of salt was generated by a temperature gradient, which results in a concentration gradient in steady state conditions (Platten, 2006) . Ye et al. (2003e) showed that the same process also takes place in solder alloys. Experimental studies suggest that the effect of thermomigration on solder joint reliability is as serious as that of electromigration (Ye et al., 2003b; 2003c; 2003e; Huang et al., 2006; Roush and Jaspal, 1982) .
Thermomigration in PbIn solder was reported by Roush and Jaspal (1982) at a temperature gradient of 1200°C/cm. Both In and Pb move in the direction of the thermal gradient that is from hot to the cold. Huang et al. (2006) investigated thermomigration of SnPb solder alloy at an estimated temperature gradient of 1000°C/cm. They found that Sn moved to the hot end while Pb moved to cold end. Ye et al. (2003e) reported thermomigration may assist electromigration if the higher temperature side coincides with the cathode side, and counter electromigration if the hot side is the anode side.
In this paper, thermomigration effects on lead-free solder joints were studied experimentally. High thermal gradients, as high as 1000°C/cm, are applied to SnAgCu solder joints without any current flow. In other words, samples in our experiment were solely subjected to high temperature gradients but no electrical current in order to separate the influence of thermomigration from electromigration. All other studies published in the literature involve electromigration and thermomigration at the same time. The void nucleation, microstructural changes and intermetallic compound (IMC) growth on both sides of the solder joint were observed using scanning electron microscope (SEM) equipped with electron dispersive x-ray (EDX). The hardness properties are measured using nano indentation method.
Experimental setup
The lead free solder alloy used in this study is commercial grade and has a composition by weight percentage of 95.5% Sn, 4.0% Ag and 0.5% Cu (SAC 405) with a melting point of 225°C. The solder ball joins two copper plates with dimensions of 19 mm by 38 mm and 0.8 mm thick. The copper plates are polished to mirror-like finish to remove any possible oxidation. The plate is then covered with solder mask except at locations where the solder joints are reflowed. Two one-mm thick glass plates are used as spacers to maintain the gap between the copper plates. The spacer also helps maintain a consistent solder joint height. The solder joints are reflowed using the JEDEC (2004) reflow profile.
Four samples are sandwiched between a lower Al block in contact with a hot plate and an upper Al block in contact with a thermoelectric cooler as shown in Figure 1 . Every contact surface is coated with thermal grease to maximise heat transfer. The open area between plates and between blocks is insulated to minimise effects from heat radiation and circulating heat flow. The hot side and cold side temperatures are maintained at 160°C and 50°C, respectively. Thermocouple probes are placed in holes, very close to test vehicle, on the Al blocks as shown in Figure 1 . The temperatures are recorded every fifteen minutes. During this project, 24 samples were subjected to thermal stresses for duration ranges from two hours up to 1156 hours.
Sample preparation
The thermally stressed samples were embedded in epoxy, sliced and mirror polished to the centre section of the joint using automated polishing machine with programmable polishing head. The final surface finish was polished using 0.05-micron silica suspension to ensure accurate nano indentation test results.
Microstructural morphology and IMC elemental analyses were performed on the prepared samples using backscatter SEM equipped with EDX.
Nano indentation tests were carried out using MTS Nano Indenter® XP system with Berkovich tip at room temperature. Five rows of up to 25 indentations were used to evaluate the solder joint mechanical properties. Each row represents normalised distance of 0.1, 0.3, 0.5, 0.7 and 0.95 from the hot side (bottom side), as shown in Figure 2 . Nanoindentation hardness measurements were performed using a maximum load of 250 mN, and loading time of 15s. The theory behind surface hardness measurement and elastic modulus calculations are presented in great detail in Oliver and Pharr (1992) . 
Discussion of observations

FEM analysis
The temperatures at hot and cold side are relatively constant at approximately 160°C and 50°C, respectively, with an error margin of ±1°C. Due to the small size of the solder joints and the associated difficulty in measuring the temperature at the top and bottom of the solder joints, a FEM heat transfer analysis was used. The thermocouple probe locations are used as thermal boundary conditions. There is no heat dissipation to the ambient as the sample is insulated. Temperature dependent material properties, including the aluminum block where the thermocouples were placed, used for the FEM analysis are tabulated in Table 1 . The results in Figure 3 show that the top and bottom temperatures of the solder joint are 155°C and 55°C, thus creating a temperature gradient of 1000°C/cm. 
SEM-EDX observations
The experiments are stopped at two hours, 286 hours, 712 hours and 1156 hours. Samples are cross sectioned and analysed using SEM and EDX for microstructural and elemental analyses especially at the hot and cold interfaces. The results were compared to those of isothermally annealed samples of the same stressing time. Isothermal annealing heating took place at 55°C and 170°C, which are almost the same temperatures as the cold and hot side of the test vehicle. Isothermally annealed samples are manufactured the same way as other samples. The Cu 6 Sn 5 IMC at both hot and cold sides of an untested sample is shown in Figure 4 . The IMC, which provides bonding between solder joint and Cu plates, is planar and about the same thickness on average at both sides. Using image processing, the average thickness of the IMC layer on top and bottom sides are 6.7 µm and 4.5 µm, respectively. The copper plate/IMC and IMC/solder interfaces for both sides are well defined. IMC structure shown in Figure 4 is very well known and studied for solder joints (Tu, 1973) . Copper plate/solder joint interface at the colder (top) side after 286 hours, 712 hours and 1156 hours is shown in Figure 5 , while the hot (bottom) side is shown in Figure 6 . After 286 hours of exposure to the thermal gradient, the hot side ( Figure 6 ) shows a different structure of Cu 6 Sn 5 IMC compared to the cold side ( Figure 5 ). At the cold side, the copper plate/IMC interface is relatively flat, while the IMC/solder joint interface is finger-like as outlined in Figure 5 . At both interfaces, a well formed border can be seen separating between plate and IMC, and between IMC and solder. At the hot side, the copper plate/IMC joint and IMC/solder joint interface are irregular and wavy as outlined in Figure 6 . The Cu 6 Sn 5 IMC thickness is not uniform across the cross section. At some locations, there is no observable IMC layer. Using an image processing software, the average hot side IMC thickness and its ratio to the initial thickness are determined as shown in Table 2 . Disintegration of IMC on the hot side is clearly obvious. In Figure 7 , copper plate/solder joint interface at the top side after 286 hours, 712 hours and 1156 hours for isothermal annealing at 55°C sample is shown, while at the bottom side for isothermal annealing at 170°C is shown in Figure 8 . Evolution of an additional IMC layer is observed between the Cu 6 Sn 5 and Cu plate in 170°C isothermally annealed samples (Figure 8 ), for the same testing duration. The layer is identified as Cu 3 Sn which is widely reported in solder joint metallurgy literature (Mei et al., 1992) . This secondary IMC layer did not form in samples that were subjected to 55°C isothermal annealing and thermal gradient. After 1156 hours, the samples that were subjected to thermal gradient Cu 6 Sn 5 IMC structure at the cold (top) side becomes finger-like, while the hot side IMC becomes thinner ( Table 2 ). The 170°C isothermal samples show an increase in thickness of Cu 6 Sn 5 and Cu 3 Sn IMC which is not evident in thermal gradient samples. The Cu 6 Sn 5 layer thickness is about 2.3 times thicker than Cu 3 Sn, as shown in Table 3 . 
Nano indentation testing
In this study, MTS nanoindenter was used for hardness and modulus measurements which details are given in (Oliver and Pharr, 1992) . In this experiment, the hardness measurement is based on a prescribed maximum load of 250 mN after considering the surface area size and number of indentation that needed to be done. Before achieving the prescribed load, the measurements were carried out at four different loads. As shown in Figure 9 , at maximum load, the hardness has reached an asymptotic value which indicates the actual hardness of the material.
A typical hardness measurement for one row of indentation points are shown in Figure 9 . The numerical data and statistical analysis for Figure 9 are presented in the appendix.
The mean hardness for every sample versus distance from hot side is plotted in Figure 10 . Numerical data are available in the appendix. The average surface hardness ( Figure 10 ) from nano indentation tests shows that in samples subjected to thermal gradient (TG), hardness increases from the hot side to the cold side at a relatively constant rate. Except for samples that are under TG for two hours, the hardness values for other samples are within the same range across the surface. The hardness value for samples which experienced TG for two hours shows a higher hardness value than the other near the hot side, but about the same value as measurement nears the cold side. In all TG cases, the hardness value near the cold side is slightly lower than the untested sample. The average hardness for the as-flowed (untested) samples is shown for reference. The average hardness for isothermally annealed (IT) samples is relatively constant, and lower than the TG samples. Structural changes for the isothermal samples all occurred within the first test interval of 286 hours. where the vacancy flux due to diffusion driving forces is given by ( ) ( )
Combining (1) and (2),
where G is the vacancy generation rate [Sarychev and Zhitnikov (1999) 
C ve is the thermodynamics equilibrium vacancy concentration,
σ is hydrostatic or spherical part of the stress tensor defined as, The derivation of equation (3) is explained in detail in (Ye et al., 2003d) . In equation (3), the first term in the square bracket represents the driving force due to concentration gradient, second term represents the driving force due to electrical current, third term due to TG, and the final term is due to back stress. Since in this experiment, the samples are not subjected to electrical current, the second term can be dropped. By defining relative concentration, C ≡ C v /C v0 , and dropping the electromigration driving force term, equation (3) can be reduced to
where initially, C v = C v0 . Since direction of vacancy flux is in the opposite direction of atomic flux, q v = −q a , it follows that
in absence of electromigration (Kirchheim, 1993) .
Vacancy is considered as a substitutional species which has a smaller relaxed volume than that of an atom at a lattice site. When an exchange of vacancy and atom occurs at a lattice site, a local volumetric strain occurs. This local volumetric strain is also produced as vacancy is generated or annihilated at vacancy source or sink, respectively. The vacancy source and sink can be at grain boundary or at a dislocation (Kirchheim, 1993) . Sarychev and Zhitnikov (1999) proposed that the vacancy diffusion causes volumetric strain which has two parts. One part of the volumetric strain is due to vacancy flux divergence, and the other is due to vacancy generation. These strains are time dependent and are expressed in term of strain rate. For vacancy flux divergence,
while for vacancy generation,
The total volumetric strain due to vacancy migration is,
Total strain in the material will be sum of the three components,
where the first term is strain due to mechanical loading, second is due to thermal loading, and the last one is due vacancy migration. Quasi-static mechanical equilibrium equation is given by,
where σ ij is the stress tensor and x j is jth coordinates. The stress is related to strain according to
where K stiffness is the tangential stiffness matrix. In this simulation, the material model developed by was used. By solving equations (8), (11) and (13), the vacancy concentration C v can be determined. Parameters used to solve these equations are listed in Table 4 . Chen et al. (2003) A plot of relative vacancy concentration across the solder joint height for different stressing times is shown in Figure 11 . The plot shows that near the hot side, the relative vacancy concentration reaches a constant value about 1.09, and about one near the cold side, after 100 hours. This is evident since the relative vacancy at 300 hours is the same as that of at 100 hours. Near the hot side, as time progresses, the vacancy concentration increases to a maximum value about 9% above its initial concentration. Near the cold side, the vacancy concentration initially increases about 2% then decreases to its initial value as time progresses. A plot of relative vacancy concentration as function of time, in Figure 12 , shows the vacancy concentration reaches a steady state after 20 hours. Near the cold side, the vacancy concentration peaks at about 2% above its initial value after two hours before declining to its initial value after 20 hours.
Discussion
The two major microstructural differences observed between thermomigration and isothermal annealing experiments are the absence of Cu 3 Sn IMC at both cold and hot sides in thermomigration samples, and the thinning of Cu 6 Sn 5 IMC layer on the hot (155°C) side in thermomigration samples.
The thinning of as-flowed Cu 6 Sn 5 IMC layer at the hot side is due its disintegration to 6 Cu and 5 Sn atoms under very large TG according to equation (15). The Soret effect from TG segregates the Cu 6 Sn 5 IMC to Sn-and Cu-rich layers, as shown in Figure 13 (a). The Cu atoms from Cu-rich layer drift to the cold side under the TG force. This is due to the fact that diffusivity of Cu is greater than that of Sn. A similar result was observed by Ding et al. (2005 Ding et al. ( , 2006 under electromigration at 150°C isothermal temperature. They conclude that Cu atoms from Cu-UBM and Cu 6 Sn 5 dissolutions drift to bulk solder under electromigration driving force. However, in their experiment, they did not isolate thermomigration from electromigration. The dissolution of Cu 6 Sn 5 is due to TG and not electromigration because both Sn and Cu atoms are exposed to the same temperature but only Cu atom diffuses. At any temperature, Cu atom diffuses orders of magnitude faster than Sn. Since a Cu atom is lighter (atomic mass of 63.5 g/mol and atomic radius of 1350 Å) than the Sn atom (118.7 g/mol and 1450 Å), and being the dominant diffusion species (Tu, 1973) (Mei, 1992) . Cu diffusivity is four order of magnitude faster than Sn diffusivity at 20°C, and three at 190°C. This difference in migration speed produces segregation effect in which Cu is seen to migrate to the cold side while Sn stay relatively stationary in the original site, which is consistent with previous studies (Huang et al., 2006; Schroerschwarz, 1971) .
The apparent movement of Cu to the cold side and accumulation of Sn near hot side is caused by the different rate of diffusivities. Under TG force, both atoms move the cold side. Since Cu has a much higher rate of diffusivity than Sn, Cu will move faster than Sn to the cold side. In the long run, this difference in diffusivity rate segregates Cu and Sn atoms. High concentration of Cu can be seen on the cold side, while Sn on the hot side.
While Cu atoms are seen to migrate to the cold side, Sn atoms from the disintegration react with Cu atoms from the Cu plate to form a new thin layer of Cu 6 Sn 5 as shown in Figure 13(c) . This new Cu 6 Sn 5 IMC layer maintains the bond between the Cu plate and the solder joint. Since the Cu plate provides unlimited Cu atoms, there will always be a thin layer of Cu 6 Sn 5 IMC layer. The layer thickness is governed by the rate of dissolution of 'old' and formation of 'new' Cu 6 Sn 5 IMC. In this experiment, the thickness is about 3.5 µm. If supply of Cu atom is limited, such in the case of a thin Cu-UBM, there will not be a Cu 6 Sn 5 after some period of time. This depletion of Cu atom from Cu-UBM and Cu dissolution from Cu 6 Sn 5 creates a gap between UBM and solder bulk thus creating reliability issues. If IMC layer is too thin, there will be no adhesion between Cu plate and solder bulk (Tu and Zeng, 2001) , while too thick a layer will decrease fracture toughness (Pratt et al., 1996) .
Since Sn is highly reactive with Cu, a normal practice in the industry is to have a Ni/Au diffusion barrier coating on the Cu pad before Sn rich solder joint is attached. Ni/Au coating not only helps in preventing oxidation and corrosion, but also serves as a diffusion barrier (Fu et al., 2006) . 
In the isothermal annealing case, Cu 3 Sn is formed between Cu plate and Cu 6 Sn 5 layer, which is similar to earlier studies (Tu, 1982; Yoon, 2004) for isothermal aging between 100°C to 350°C. Deng et al. (2003) suggest the Cu 3 Sn growth is due to the reaction of Cu with Cu 6 Sn 5 , according to equation (16), while Zeng et al. (2005) argued that the growth is due to either the reaction of Sn and Cu, or decomposition of Cu 6 Sn 5 , according to equation (17). The reaction requires one Sn and three Cu atoms, while the decomposition of Cu 6 Sn 5 releases two Cu 3 Sn molecules and three Sn atoms (Zeng et al., 2005) . At the hot side in the TG case, there is no observable Cu 3 Sn IMC. Even though the supply of both Cu from the plate and Sn from the solder is abundant, the required mass concentration combination is not achieved to form Cu 3 Sn in the TG samples. At the hot end, where temperature is below 180°C, the required Cu mass concentration of between 39.1% and 55.2% (Saunders and Miodownik, 1990 ) to form Cu 6 Sn 5 is achieved. The required Cu mass concentration to form Cu 3 Sn is between 60.5% and 72.3% (Saunders and Miodownik, 1990 ). This requirement is achieved in isothermal samples but is not achieved in TG samples indicating that, while some Cu atoms reacted with Sn atoms to form a 'new' Cu 6 Sn 5 layer as discussed in an earlier paragraph, the other drifted to the cold side under TG force.
While the cold (55°C) side of the thermomigration sample is not favourable for Cu 3 Sn IMC formation, the excess Cu coming from the hot side reacts with existing Cu 6 Sn 5 IMC to form finger-like Cu 6 Sn 5 . An EDX analysis near the cold side (points four to six) after 712 hours shows high concentration of Cu as shown in Table 5 and Figure 14 .
Under TG, the hardness shows an increasing trend from hot to cold side, while in the isothermal case, hardness remains relatively constant. The hardness degradation from cold side to hot side in the thermomigration samples is attributed to combination of vacancy migration and Sn-grain coarsening from cold to hot side. Grain size increase and hardness degradation from cold to hot side can be explained using Hall-Petch relation for hardness (Tjong and Chen, 2004) ,
where H O and k H are material constants, and d is grain diameter. Smaller grain size at the cold side means more grain boundaries, which act as dislocation motion barriers. As dislocation slip motion is impeded, stresses required to continue the slip process increase (Hall, 1951) , as a result, the material has a greater hardness. For isothermal samples, the grain size is uniform across the solder joint according to this relation, and accordingly there is no gradient of hardness. Lead-free solder alloy, including SAC, has been shown to follow Hall-Petch relation (Siviour et al., 2005) . For SnPb solder, nanoindetation results from Ye et al. (2004) show that the mechanical properties are in agreement with the Hall-Petch relation. They observed Pb-grain coarsening after thermomechanical loading, and found that solder alloy properties degrade from substrate (cold) to chip (hot) side. Investigation of Pb-grain size shows that the grain is larger at the hot side than at the cold side as shown in Figure 15 . Vacancy migration is a result of Cu and Sn atoms movement to the cold side. When these atoms migrate, they fill the vacant lattice sites or vacancies in the cold side by substitution mechanism.
Comparing Figure 10 and Figure 11 , it can be observed that near the hot side where vacancy concentration is high, the hardness is low. In other words, near the hot side, the solder is more porous than the cold side. From Figure 12 , it can be observed that after 20 hours of stressing, the vacancy concentration at both hot and cold side, reaches an asymptotic value. This explains why the hardness for samples stressed above 20 hours in Figure 10 is within the same range. 
Conclusions
The microstructural and mechanical properties of lead-free solder joint/copper pad interface were studied under a temperature gradient of 1000°C/cm. The two major microstructural differences between thermomigration and IT samples are the lack of Cu 3 Sn IMC layer at both hot and cold side, and the thinning of Cu 6 Sn 5 IMC layer at the hot side under to TG driving force.
In the thermomigration samples, the thinning of Cu 6 Sn 5 layer is a result of its disintegration, while the absence of Cu 3 Sn IMC layer is a result of insufficient Cu mass concentration to form Cu 3 Sn layer. The samples form only Cu 6 Sn 5 IMC and show more Cu concentration near the cold side which resulted in a well defined Cu 6 Sn 5 /solder interface.
In the isothermal annealing case, Cu 3 Sn layer is formed between the Cu plate and Cu 6 Sn 5 layer. The Cu 6 Sn 5 layer thickness is about 2.3 that of Cu 3 Sn layer over time, suggesting that the growth rate of Cu 6 Sn 5 is faster than that of Cu 3 Sn.
Under TG driving force, the hardness degrades from cold to hot side which could be attributed to vacancy migration and Sn-grain coarsening in the same direction. Vacancy concentration increases from cold to hot side and reaches steady state after 20 hours. Hardness degradation was not observed across solder joint for isothermal aging samples, which indicates uniformity in Sn-grain size. 
